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I. INTRODUCTION 

Recent  experimental   results,   Refs.  1 and 2 ,  have  indicated  that  a 

s u b s t a n t i a l   d e c r e a s e   i n   s k i n   f r i c t i o n  may be  obtained by s l o t   i n j e c t i o n  

on  the  surface of  a  body.  These results  have  been  obtained  for tests a t  

hypersonic speeds.  The amount of   re l iab le   exper imenta l   da ta   ava i lab le   a t  

subsonic  or  supersonic  speed is meager  and gives  information  mainly on hea t  

t r ans fe r   r a the r   t han  on s k i n   f r i c t i o n .  The resu l t s   o f   bo th   re fe rences  

(1,2)   indicated a s u b s t a n t i a l   d i f f e r e n c e   i n  s l o t  f i lm  cool ing   e f fec t ive-  

ness   obtained  for   the  supersonic   case  over   that   of   the   subsonic   case.   In  

addition  to  those  experimental   work,  Ref.  3 ,  has  provided a numerical 

ana lys i s  which  could  predict   the  properties of the  f low downstream of the  

s l o t  i n j ec t ion .  The ana lys i s  assumed  a mixing  coeff ic ient  which contains  

an   a rb i t ra ry   cons tan t  which  could  depend on the   f l uc tua t ing  p r o p e r t i e s  of 

the  flow  in  the  immediate  downstream  region of t he  s l o t .  

Some experimental   results  are  available  in  the  subsonic  range;  however,  

most of  these  results  have  been  obtained  for low speed and therefore  could 

be  treated  as  incompressible.  The present   research was undertaken  in order  

to   b r idge   the  gap  between the  incompressible and hypersonic  range. As a 

f i r s t   s t e p   t h e   p r e s e n t   r e s e a r c h   e f f o r t  was concentrated on measuring  the 

s k i n   f r i c t i o n  and t u r b u l e n t   i n t e n s i t y  due t o   t a n g e n t i a l  downstream s l o t  

i n j ec t ion .  

The measurements  were  obtained on the   i n s ide   wa l l   o f   an   ax ia l ly  

symmetric test sec t ion   wi th   ax ia l ly   symmetr ic   s lo t   conf igura t ions .  This 

arrangement w a s  chosen to  insure  two-dimensional  flow  downstream  of  the 

s lot .   Surface  skin  f r ic t ion  measurements ,   boundary  layer   prof i les   (s ta t ic  

pressure ,   p i to t   p ressure ,  and ve loc i ty )  and t u r b u l e n t   i n t e n s i t y  were 



obtained. The experiments were performed a t  M, = 0.8, a R e / m  of 1.42 x 10 7 

.and fo r   ad i aba t i c  w a l l  condi t ions.  A f loa t ing   e lement   sk in   f r ic t ion   ba lance ,  

a boundary  layer  pressure  probe and  a hot   f i lm  probe  with anemometer were 

used t o  perform  the  measurements. Two wind tunnel   configurat ions were 

constructed;  one f o r   s i n g l e   s l o t   i n j e c t i o n  (S = 0.636 cm), and the  second 

with two i n j e c t i o n   s l o t s  (S = S2 = 0.318 cm). The s k i n   f r i c t i o n  was 

measured a l so   w i th  a f lu sh  mounted hot  f i lm  probe. The f lu sh  mounted hot  
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f i lm  probe  cal ibrat ion and  a comparison  of i t s  measurement wi th   the   f loa t ing-  

e lement   sk in   f r ic t ion   ba lance   a re   a l so   p resented .  
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11. TEST APPARATUS 

The wind tunnel  was constructed with a l a rge   con t r ac t ion   r a t io  

be tween  the   se t t l ing  chamber and   the   cy l indr ica l  test  sect ion.  To 

i n v e s t i g a t e  the e f f e c t  of s l o t  dimension  and  mult iple   s lot   in ject ion,  

two d i f f e r e n t  wind tunnel   configurat ions were designed  for   the  present  

experiments  (Figs. 1 and 2 ) .  For s i n g l e   s l o t   i n j e c t i o n ,  a s l o t   h e i g h t  

of 0.636 cm was used. The s l o t   l i p  was approximately 0 .1  cm thick.. 

The i n j e c t i o n   s l o t  was placed 115 cm downstream  of t h e   s e t t l i n g  chamber 

and was followed  by a c y l i n d r i c a l  test sec t ion  150 cm i n   l e n g t h .  A 

ventur i   tube  was used t o  measure  the  inject ion mass flow rate passing 

through  the  annular   inject ion chamber. Details of  the tes t  s e c t i o n  are 

shown i n  Fig.  3 .  Circu la r   po r t s   i n   t he  test sec t ion   ins t rumenta t ion  

p l a t e  were provided  for  mounting  the  f loating-element  surface  skin 

f r i c t ion   ba l ance .   P re s su re   t aps  were located  a long  the test s e c t i o n  

t o  measure   the   sur face   p ressure   d i s t r ibu t ions .   Addi t iona l   por t s  were 

placed  upstream  of   the  inject ion  s lot   to   provide  reference  measurements .  

For the   double   s lo t   in jec t ion   exper iments ,   an   addi t iona l   in jec t ion   s lo t  

was located  upstream  of  the tes t  s e c t i o n  and b o t h   s l o t s  were modif ied  to  

have a s l o t   h e i g h t   o f  0.318 cm. The two s l o t s  were placed a t  a d i s t ance  

of 45 cm a p a r t  (x /S  = 140).  Separate   ventur i   tubes  were used t o  measure 

t h e   i n j e c t i o n  mass flow ra te  through  each  chamber. Details of  the  double 

s l o t  arrangement are shown in   F ig .  4 .  

A Kistler f loa t ing-e lement   sk in   f r ic t ion   ba lance   wi th  0.94 cm diameter 

sensing  element was used   to   measure   the   sur face   shear   force   in   the  test 

sec t ion .  This instrument w a s  provided  by  and  calibrated a t  NASA Langley. 
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Descr ip t ions   o f   th i s   sk in   f r ic t ion   ba lance  are presented   in  Appendix I. 

A cal ibrat ion  range  of  1 g m / c m  was found appropr ia te   for   the   va lues   o f  

t h e   s k i n   f r i c t i o n  measured i n   t h e   p r e s e n t  tests. 

2 

The boundary  layer  velocity and t u r b u l e n t   i n t e n s i t y   p r o f i l e s  were 

measured  with a hot  f i lm  probe  operated a t  constant  temperature.   This 

hot  f i lm  probe was connected t o  a Thermal-System 1050 constant  tempera- 

t u r e  anemometer  and was able  to  measure a mean ve loc i ty  up t o  330 m/sec. 

Cal ibrat ion  of   the  hot   f i lm  probe is  descr ibed   in  Appendix 11. For 

s i n g l e   s l o t   i n j e c t i o n ,  boundary  layer  pressure  probes and pressure 

transducers were a l s o  used t o  measure   the   p rof i les   o f   s ta t ic  and t o t a l  

pressures .  These  probes  were  mounted on an  automatic  traversing 

mechanism  which was  moved longi tudina l ly  t o  take  measurements a t  

d i f f e ren t   l oca t ions  downstream of t h e   i n j e c t i o n   s l o t .  
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111. TEST PROCEDURES AND MEASUREMENTS 
" .- . . ~  

For  the  present blowdown type wind tunnel ,   the   f ree   s t ream Mach number 

w a s  adjusted by varying  the  upstream and downstream pressure.  For a l l  the  

tests of t h i s   i n v e s t i g a t i o n ,  a f ree   s t ream Mach number of  approximately  0.8 

was found with downstream s ta t ic  pressure  of 6.096 x 10 Newton/m2 and a 

s tagnat ion   pressure  of  1.035 x 10  Newtodm . The wind t u n n e l   t o t a l  

temperature was 290 K and the  wal l   temperature  was constant  and equa l   t o  

th i s   tunnel   s tagnat ion   tempera ture .  
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The i n j e c t i o n  mass  flow rate was cont ro l led  by adjust ing  the  upstream 

pressure of the   ventur i   tube .  Room tempera ture   a i r  was used  as   the  in-  

j e c t a n t .  Three d i f f e r e n t   i n j e c t i o n  mass  flow r a t e s  (1 = 0.11,  0.21, and 

0.31)  were  used  for  the tests. To obtain a s teady  f low  of   the  injectant ,  

a i r  was suppl ied   th rough  the   in jec t ion   s lo t   for  two seconds  prior  to 

s t a r t i n g   t h e   t u n n e l  and a steady  main  flow was establ ished  within  one 

second  thereaf te r .   Sk in   f r ic t ion   da ta  and v e l o c i t y   p r o f i l e s  were measured 

in   d i f f e ren t   t e s t   runs   t o   min imize   i n t e r f e rence .  

P res su re   t r ansduce r s ,   c a l ib ra t ed   i n  a range of 0 - 1.38 x 10 Newton/m 

within 1% accuracy, were used t o  measure  the  surface  pressure and t h e  p i t o t  

pressure.  The ope ra t ing   r e s i s t ance  of the  hot  f i lm  probe was 8.35 ohms 

with  1 .5   overheat   ra t io .  The D.C.  vo l tage  and t h e  RMS output of t he  

anemometer  were cal ibrated  before   each test. The  mean ve loc i ty  and t u r -  

bulent   intensi ty   were  determined from these  anemometer outputs   (see 

Appendix 11). The nul l - type   sk in   f r ic t ion   ba lance  was a l s o   c a l i b r a t e d  

with a s e l f - t e s t i n g  mechanism before  each test .  A l l  the   output   through  the 

pressure  transducer,   anemometer,   and  the  surface  skin  friction  balance were 

recorded on a m l t i - c h a n n e l  h'oneywell v i s i co rde r .  
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I V .  EXPERIMENTAL RESULTS AND DISCUSSION 

1. Single   S lo t   In jec t ion  

. a)  Boundary  Layer P ro f i l e s  

Boundary l a y e r   v e l o c i t y   p r o f i l e s  measured  with  the  hot  film  probe  for 

locat ions  near  and  downstream of t h e   i n j e c t i o n   s l o t  are shown in  Figs .   5-9.  

The boundary  layer  thickness a t  the   loca t ion   of   the   in jec t ion   s lo t  i s  

approximately  twice  the  slot   height.  The f igures  show (Fig.   5)   that   for  

small X there  is  l i t t l e  e f f e c t  of i n j e c t i o n  on t h e   i n i t i a l  boundary  layer 

p r o f i l e ;  however, there  i s  some in te r fe rence   for  X = 0.339. The ve loc i ty  

profiles  approach  the  one-seventh power l a w  a t   l o c a t i o n s   f a r  downstream 

from t h e   s l o t  (x/S 4 0 ) ,  Fig.  9 .  

Prof i les   o f   the   tu rbulen t   in tens i ty  are g iven   in   F igs .  10-14. A f r e e  

s t ream  turbulen t   in tens i ty  of u1  /ue = 0.035 i s  shown in   the   reg ion   of   the  

s lo t   i n j ec t ion .   Turbu len t   i n t ens i ty   i n   t he   r eg ion   nea r   t he   i n j ec t ion   s lo t  

decreases   s ign i f icant ly   as   the   in jec t ion  mass flow rate increases .  The 

d is tance  from the  wall   over which the   t u rbu len t   i n t ens i ty  i s  a function 

of   the   in jec t ion  mass flow  increases  with downstream distance.   Isocontours 

of t u rbu len t   i n t ens i ty  are a l s o  shown in   F ig .  15-17.  For 1 = 0.118, the 

maximum tu rbu len t   i n t ens i ty ,   u ' / u  = 0.21, was found i n  a region  very  near 

t h e   i n j e c t i o n   s l o t ;  a large  region of r e l a t i v e l y   h i g h   t u r b u l e n t   i n t e n s i t y  

.(u ' /u = 0.10 0.14) occurred downstream  of t h i s   r eg ion .  A s  the   in jec t ion  

mass flow rate increases ,   the   tu rbulen t   in tens i ty   decreases  and the  region 

of maximum tu rbu len t   i n t ens i ty  moves downstream. The domain o f   r e l a t i v e l y  

h igh   tu rbulen t   in tens i ty   reg ion   (u ' /u  = 0.10 M 0.14) a lso  decreases   as  
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X increases .  

Boundary l a y e r   p r o f i l e s   o f   t h e   s t a t i c  and to t a l   p re s su res  a t  th ree  

downstream locat ions are shown i n   F i g s .  18-23. Mach number p r o f i l e s  

calculated from the  measured  pressure  profiles are shown in   F igs .  24-26. 

Large  normal   pressure  gradients   exis t   near   the  s lot   wi thout   inject ion 

and  with small i n j e c t i o n  ( X  = .118) .   1ncreasing.s lot   in ject ion  decreases  

the  normal  pressure  gradient and i n   a d d i t i o n   r e s u l t s   i n  a constant  s ta t ic  

pressure which  approaches  the  f ree   s t ream  s ta t ic   pressure  for  x < 0:206. 

Large Mach number gradients   due  to   f low  expansion  around  the  s lot   l ip  

i s  found fo r  small i n j e c t i o n   r a t i o s .  Mach number p r o f i l e s  a t  x/S = 0.08 

a l so   ind ica te   tha t   un i form Mach number f low  of   the   in jec tan t   ex is t s   for  

X s 0.206 and boundary  layer  tyoe Mach number p r o f i l e s  of injectant   occurs  

for  x = 0 . 3 3 9 .  Slo t   i n j ec t ion   i nc reases   t he   f r ee  stream Mach number 

s l i g h t l y  (from  0.8 to   0 .86)  downstream o f   t he   s lo t .  Some previous  theo- 

re t ica l   ana lyses   o f   t angent ia l   s lo t   in jec t ion   have   been  made with  the 

assumption  of  zero  normal  pressure  gradient.   Present  profiles  of  the 

s ta t ic   pressure,   Fig.   18,   indicate   that   normal   pressure  gradient  do 

ex i s t   nea r   t he   i n j ec t ion   s lo t   fo r   sma l l   i n j ec t ion  rates (x s 0.118). 

This normal   p ressure   g rad ien t   in   the   reg ion   c lose   to   the   in jec t ion   s lo t  

(x /S  < 10)  should  not  be  neglected  in  the  determination  of  the  external 

f low  conditions  for  the  case  of small i n j e c t i o n  mass flow rate. 

Analyt ical  and experimental   resul ts   of   base  pressure  coeff ic ient   of  a 

rearward fac ing   s t ep  a t  supersonic  speed  can  be  found  in  Refs. 4 and 5. 

Present  transonic  profile  measurements  with X = 0.0 gave  an  approximate 

base  pressure  coeff ic ient   of   -1 .08 and i s  c l o s e   t o   t h e  estimate of  Ref.  .4. 

For a rearward  facing step a two-dimensional  base  pressure  coefficient  of 

approximately -0.50 a t  M, = 1.0 was found,  Ref, 5. However, t h e   v a l i d i t y  
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of  comparing  the  base  pressure downstream of a backward-facing s l o t   w i t h  

r e s u l t s   f o r  a rearward  facing  step is  no t   c l ea r  and t h e   s i m i l a r i t y  between 

the two flow f i e lds   needs   t o   be   e s t ab l i shed .  

b)   Surface  Pressure  Distr ibut ions 

For   zero   s lo t   in jec t ion   (F ig .  27), a s igni f icant   longi tudina l   p ressure  

gradient  has  been  measured i n  a region of  x/S < 10.  Comparisons  of  the 

sur face   p ressure ,   in  terms o f   t he   f r ee  stream s t a t i c   p r e s s u r e  p (Figs. 18, 

19 ,  and 2 0 ) ,  due t o   d i f f e r e n t   s l o t   i n j e c t i o n  are given  in  Fig.   28.   Slot 

i n j e c t i o n   s i g n i f i c a n t l y   i n c r e a s e s   t h e   s u r f a c e   p r e s s u r e  over a distance  of 

x/S = 10;  the  matched  pressure  condition  exists  for  x/S 2 10. 

e 

c )   Sk in   F r i c t ion  

Loca l   su r f ace   sk in   f r i c t ion   coe f f i c i en t s ,  = T /(% peue ) determined 2 
cf w 

from the   sk in   f r i c t ion   ba l ance  measurements a r e  shown in   F ig .  29,  where 

cf 0 
i s  the   va lue   o f   the   loca l   sk in   f r ic t ion   coef f ic ien t   wi thout   the   ex is tence  

o f   i n j e c t i o n   s l o t .  The value  of C f o  was l i nea r ly   i n t e rpo la t ed  from the 

values  measured a t  locations  upstream  (x/S = -50) and f a r  downstream 

(x/S = 190)  of t he   s lo t .   Fo r  x/S < 5 ,  t he   l oca l   sk in   f r i c t ion   i nc reases  

as i n j e c t i o n  mass flow ra te   increases .   Increas ing   the   in jec t ion  mass flow 

ra t e   dec reases   t he   l oca l   sk in   f r i c t ion   fo r  x /S  > 5.  Except for   the  case  of  

1 = 0.118,   the   p resent   resu l t s   ind ica te   tha t   the   s lo t   in jec t ion   genera l ly  

reduces   the   overa l l   l eve l   o f   sk in   f r ic t ion   over  downstream d i s t ance   t o  

x / s  < 100. 

For  the  case  of X = 0.118 t h e   r e s u l t s  seem to   be   incons is ten t   wi th  

o the r   i n j ec t ion  rates (Fig.  29). The re su l t s   fo r   t h i s   ca se   sugges t   t ha t  

the  separation  region formed by the   s lo t   ( r ec i r cu la t ion   r eg ion )   has   no t  

ye t  been  driven  downstream and therefore  forms a reattachment  region a t  

about x /S  of 10 where t h e   l o c a l   s k i n   f r i c t i o n  is very  high.  Increasing 1 
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above  0 .118  dr ives   the  recirculat ion  region and therefore  the  reattachment 

point  downstream. The two-dimensional resu l t s ,   Ref .   2 ,   fo r  S = 0.475 cm 

and = 0.064 with T . /T = 0.63 i n  a hypersonic Mach 6 main  flow are 

compared with  the  results  of  present  transonic  experiment  in  Fig,  29.  The 

OJ 00, 

total   drag  reduct ion  over  a d is tance  of 100 s l o t   h e i g h t s   i n   t h e   p r e s e n t  

s i n g l e   s l o t   i n j e c t i o n  ( S  = 0.636 and u./u = 0.33) is approximately 20%. 

This value may be compared t o   t h e   r e s u l t s  of  Ref. 2 fo r  M = 6 and 

u./u, = 0.3,   the  value from the   t o t a l   d rag   r educ t ions   i n   t h i s   ca se  i s  of 

the  order  of 28%. It i s  g r a t i f y i n g   t o   n o t i c e   t h e  small d i f fe rence  between 

J = =  

CD 

J 

the   values   obtained  in   the  t ransonic   range  over   that   obtained  in   the 

hypersonic  range. 

2.  Two S l o t   I n j e c t i o n ,  S = 0.318 cm 

a )  Boundary  Layer P ro f i l e s  

Boundary l aye r   p ro f i l e s  measured  with  hot  f i lm  probe  for  various c a -  

b ina t ions   o f   s lo t   i n j ec t ions  a t  x /S  = 0.16 are shown in   F igs .  30-32.  In 

a l l  these   r e su l t s   fo r   t he   doub le   s lo t   i n j ec t ion ,  x i s  designated as the  

d is tance  measured  from the   second  s lo t .   Wi thout   f i r s t   s lo t   in jec t ion ,  

Fig.  30, f l a t   v e l o c i t y   p r o f i l e s   a t   t h e  second s l o t   e x i t  were  found for  

3 I 0.218, and l a rge   ve loc i ty ,  similar t o  a boundary  layer  type  profile, 

occurs  near  the  second  slot   for 3 = 0.310. The e f f e c t  of t h e   s l o t  

i n j e c t i o n  on t h e   v e l o c i t y   p r o f i l e s   e x t e r n a l   t o   t h e   i n j e c t i o n   s l o t  is  very 

s l i g h t .  With cons tan t   second  s lo t   in jec t ion  (% = 0.109) and varying  the 

f i r s t   s l o t   i n j e c t i o n ,   t h e   v e l o c i t y   p r o f i l e s   n e a r   t h e  second s lo t ,   F ig .   32 ,  

s t i l l  only  change  s l ight ly .  However, there  i s  a l i t t l e  increase   in   the   loca l  

boundary   l ayer   th ickness   ex te rna l   to   the   second  s lo t   due   to   f i r s t   s lo t   in -  

j ec t ion   ( e spec ia l ly   fo r  X, = 0.319). 

Turbulen t   in tens i ty   p rof i les   due   to   d i f fe ren t   combina t ions   o f   s lo t  

i n j e c t i o n  are a l so   g iven   i n   F igs .  33-35. S i m i l a r  t o   t he   p rev ious   r e su l t s ,  
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s l o t   i n j e c t i o n   d e c r e a s e s   t h e   t u r b u l e n t   i n t e n s i t y   n e a r   t h e  second s l o t   e x i t ,  

Fig.  33. The p resen t   r e su l t s   fo r   two-s lo t   i n j ec t ion   d id   no t  show any   e f fec t  

on t h e   f i r s t   s l o t   i n j e c t i o n  on the   t u rbu len t   i n t ens i ty  downstream  of t h e  

second s lot ,   Figs .   34-35.  This may have  been  due t o   t h e   l a r g e   d i s t a n c e  

between t h e   f i r s t   s l o t  and the  second  s lot   of   the   present   tunnel   setup.  

b)   Surface  Pressure  Distr ibut ions 

Surface  pressure downstream of the   second  s lo t   wi thout   s lo t   in jec t ion  

i s  shown in  Fig.   36.  A longi tudina l   adverse   p ressure   g rad ien t   ex is t s  

within a distance  of  x/S = 10.  Results  of  surface  pressure  measurements 

due to   different   combinat ions  of   s lot   in ject ion  are   given  in   Figs .   37-39.  

S lo t   i n j ec t ion   i nc reases   t he   su r f ace   p re s su re   i n   t he   r eg ion   nea r   t he  

second s l o t  and mul t ip l e   s lo t   i n j ec t ion   t ends   t o   s l i gh t ly   dec rease   t he  

surface  pressure downstream  of  the  second s l o t ,   F i g .  39. 

c )   Skin   Fr ic t ion  

Sur face   sk in   f r i c t ion   coe f f i c i en t s ,  cf = ~ ~ / ( % p ~ u ~ ~ )  have  also  been 

determined  f rom  the  measured  shear   force  for   dif ferent   s lot   in ject ion 

combinations.   Results  of  injection from only  the  second  s lot ,   Fig.  40, 

i nd ica t e   t he   gene ra l   e f f ec t  of sk in   f r ic t ion   reduct ion   due  t o  t angen t i a l  

s l o t  i n j ec t ion .  However, t h e   l a r g e s t   r e d u c t i o n   i n   t h e   s k i n   f r i c t i o n  

occurs  with x = 0.218.  Results of t he   su r f ace   sk in   f r i c t ion   w i th  

cons t an t   i n j ec t ion  from the  second s l o t  and d i f f e r e n t   f i r s t   s l o t   i n -  

j e c t i o n   a r e  shown i n   F i g .  41. The e f f e c t  of i n j e c t i o n  from t h e   f i r s t  

s l o t  on the   su r f ace   sk in   f r i c t ion  downstream of   the  second  s lot  i s  in -  

s ignif icant   except   in   the  region  very  near   the  second s l o t ;  t he   l a rges t  

sk in   f r ic t ion   reduct ion   occurs   wi th   h igher   in jec t ion  rates from t h e   f i r s t  

s l o t .  

2 
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3. Effects   of   Slot   Height  and Mul t ip le   S lo t   In jec t ion  

The present   exper imenta l   resu l t s   for   s ing le   s lo t   in jec t ion   wi th  

S = 0.318 cm and S = 0.636 cm and with  approximately  the same i n j e c t i o n  

mass  flow r a t e  were compared i n   F i g .  40. Larger   reduct ion  in   surface  skin 

f r i c t i o n   i n  x/S  s 5 w a s  found f o r   l a r g e   i n j e c t i o n   s l o t   h e i g h t .  The l o c a l  

s u r f a c e   s k i n   f r i c t i o n ,  Ck0 wi thou t   s lo t   i n j ec t ion  and with a s l o t - h e i g h t  

S = 0.318 cm was a l s o  measured and shown i n   t h i s   f i g u r e .  The s k i n   f r i c t i o n  

approximately  equals   the  value  without   the  exis tence  of   the  inject ion  s lot  

for   x/S M 10. S lo t   i n j ec t ion   r educes   t he   su r f ace   sk in   f r i c t ion   w i th in  a 

region  of  x/S < 40 and the  surface  skin  f r ic t ion  approaches as asymptotic 

value  defined by t h e   i n j e c t i o n   s l o t   f o r   x / S  2 40. 

From the  present  two s lo t   a r rangement ,   resu l t s  of the  experiment  did 

not  show any   s ign i f i can t   r educ t ion   i n   sk in   f r i c t ion  due t o   t h e   f i r s t   s l o t  

i n j ec t ion .  It i s  bel ieved  that   the   dis tance  between  the two s lo ts   should  

be  reduced. Based on t h e   s i n g l e  s l o t  i n j e c t i o n   r e s u l t s ,   F i g .  29, the  

second s lo t   should   be   loca ted   a t   x /S  ~ t r  30 t o  fur ther   reduce   the   sk in   f r ic t ion  

downstream  of t h e  second i n j e c t i o n   s l o t .  
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V. CONCLUSION 

An exper imenta l   inves t iga t ion   of   the   sur face   sk in   f r ic t ion   reduct ion  

downstream  of t a n g e n t i a l   s l o t   i n j e c t i o n  from oneand two s lo ts   has   been  

per formed.   Boundary   l ayer   p rof i les   (ve loc i ty ,   s ta t ic   p ressure ,   to ta l  

p ressure) ,   tu rbulence   in tens i ty  and su r face   sk in   f r i c t ion   w i th   va r ious  

s l o t   i n j e c t i o n  mass f low  ra tes ,  were measured  with a hot   f i lm  probe,  a 

boundary  layer  pressure  probe, and  a f loa t ing-e lement   sur face   sk in   f r ic t ion  

balance,   respect ively.  The following  conclusions  have  been  derived  from 

the  present   experimental   resul ts .  

1. T a n g e n t i a l   s l o t   i n j e c t i o n   i n  a t ransonic  main  stream (M M 0.8) 
W 

genera l ly   reduces   the   sur face   sk in   f r ic t ion  downstream  of t h e   i n j e c t i o n  

s l o t .  The e f f ec t ive   r eg ion   fo r  C /C < 1 was independent of t h e   s l o t  f f o  

dimension  for  the  present tests and equals a 40 s l o t   h e i g h t s .  It is 

concluded   tha t   the   to ta l   d rag   reduct ion   ob ta ined   due   to   s lo t   in jec t ion  

a t  transonic  flow is  of  the same order  as   that   obtained  in   the  hypersonic  

regime. 

2 .  S l o t  inject ion  does  not   cont inuously  decrease  the  surface  skin 

f r i c t i o n   a s   t h e   i n j e c t i o n  mass  flow r a t e   i n c r e a s e s .  A s i g n i f i c a n t  

d i f f e r e n c e   i n   t h e   e f f e c t  of i n j ec t ion  mass  flow r a t e  on s k i n   f r i c t i o n  

i n  a region of x / S  < 5 and i n  a region  of x / S  > 5 has  been  found. 

Inc reas ing   t he   s lo t  mass  flow seems t o   i n c r e a s e   t h e   s k i n   f r i c t i o n   i n   t h e  

region  of  x/S < 5. The present  tests indicated a maximum reduct ion of 

s k i n   f r i c t i o n   f o r  X M 0.2.  
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3 .  Large  turbulence  intensi ty  was found nea r   t he   s lo t   w i th  small 

i n j e c t i o n  mass flow rate .  Increas ing   the   in jec t ion  mass flow rate 

dec reases   t he   t u rbu len t   i n t ens i ty   nea r   t he   s lo t   ex i t  and moves t h e  

region  of   higher   turbulent   intensi ty  downstream of   the   s lo t .   This   h igher  

tu rbulence   reg ion   ( rec i rcu la t ion   reg ion)   d i sappears   wi th  a l a r g e   i n j e c t i o n  

mass flow rate (1 2 0.3). 

4 .  Large  normal  pressure  gradients were found in the   reg ion   near   the  

s l o t   f o r  low 1. The su r face   p re s su re   d i s t r ibu t ions  seem t o   b e   s e n s i t i v e  

to   i n j ec t ion   f l ow rates in   t he   t r anson ic   r eg ion .  Due to   large  normal  

pressure   g rad ien t ,   sur face   p ressure  measurement  downstream o f   t h e   s l o t  is  

not   suf f ic ien t   for   de te rmining   the   f low  f ie ld   wi th   in jec t ion  mass flow r a t e  

less than 0.2.  

5 .  The e f f e c t   o f   s l o t   h e i g h t  on the   su r f ace   sk in   f r i c t ion   r educ t ion  

wi th   i n j ec t ion  is  ins igni f icant   except   for  a reg ion   very   near   the   s lo t .  

From t h e   r e s u l t s  of two slot inject ion  experiment ,  i t  i s  bel ieved  the 

distance  between  the two s lo ts   should   be  less than 30 s l o t   h e i g h t s   i n  

o rde r   t o   fu r the r   r educe   t he   su r f ace   sk in   f r i c t ion  downstream  of the  

second s l o t .  
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APPENDIX I: SKIN  FRICTION GAUGE 

1. F loa t ing  Element Skin  Fr ic t ion  Balance 

The f loa t ing   e lement   sk in   f r ic t ion   ba lance  i s  a 322 M 105 

model made by Kistler Instrument  Corporation. It is  a servo-mechanism 

system  which  measures  aerodynamic  drag  produced by the   a i r f low  a long  

the  wall o f  a wind tunnel.  It cons is t s   o f  two u n i t s :  a sensor  which 

mounts i n   t h e  wall of   the wind tunnel,  and an   ampl i f ie r  and s i g n a l  

condi t ion ing   un i t .  The two u n i t s  are connected  with a mul t ip l e  con- 

ductor  cable.  The overa l l   un i t   has   been   loaned   to  New York University 

f o r   t h i s   i n v e s t i g a t i o n .  The complete ca l ib ra t ion   has   been  performed 

a t  NASA. 

The sensor  includes a c i r c u l a r  end cap  which  matches  the  curvature 

of t h e   i n t e r i o r  wa l l  of   the  test  s e c t i o n  of t h e  wind tunnel  (Dia = 30.48 cm) 

and i s  mounted f lush   wi th   tha t   sur face .   In  i t s  cen te r ,  a c i r c u l a r  

por t ion   separa t ion  from the  end cap by a small annular  clearance i s  

mounted with a s ingle   degree of  freedom i n   t h e   d i r e c t i o n  of a i r f low.  

Fr ic t ion   o f   the   a i r f low on the  moving portion  displaced it downstream, 

producing a s i g n a l  which is  amplified and returned t o  the  servo-  

mechanism t o  r e s t o r e   t h e  moving port ion t o  i t s  nu l l   pos i t i on .  The 

magnitude  of   the  res tor ing  s ignal  i s  a precise  measure  of  the  drag 

exerted on the  moving portion. The ampl i f i e r  and s igna l   condi t ion ing  

uni t   suppl ies   opera t ing  power to   the  system,  provides   three  ranges  of  

amplification  with  the  necessary  zero  and  gain  controls,  and enables 

the   appl ica t ion   of   the  test and c a l i b r a t i o n   s i g n a l s   t o   t h e   s e n s o r .  The 

bas i c  gauge i s  internally  ranged  to  produce  an  output of 1 v o l t   w i t h  a 
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measure  of  10.0 g/cm , a t   a n  impedence level   of  1000 ohms. This output 

is suppl ied   to   the   ampl i f ie r .  A series r e s i s t o r   i n   t h e   a m p l i f i e r   o p e r a t e s  

i n   t h e   c u r r e n t   i n p u t  mode. The range   se lec tor   swi tch   inser t s  one  of th ree  

va lues   o f   cur ren t   feedback   res i s tor   for   ga ins   o f  10, 1, or  0.1 to   provide 

2 

fu l l   s ca l e   ou tpu t  of 100 mv on each  range. Two independent,   isolated,  

vol tage  regulated power suppl ies   are   contained  in   the  amplif ier   case,   one 

for   the   range   ampl i f ie r   and   the   o ther   for   the   se l f   t es t ing   c i rcu i t ry .  The 

se l f   t e s t   po r t ion   cons i s t s   o f  a voltage  divider  network, a s e l ec to r   swi t ch ,  

and an   ampl i f ie r .   Se l f   t es t   vo l tages   a re   s tab i l ized  by  a zener  diode. 

Selected  vol tages  from the  divider   network  are   appl ied t 9  the   ampl i f ie r  

and converted t o  constant   current   output  which energizes  a t e s t   c o i l   i n  

the  gauge,  simulating  application of the measurement to   the   sensor .  

a .   Ca l ib ra t ion  

The skin  f r ic t ion  balance  has   been  cal ibrated by the  NASA 

Langley  Research  Center  before i t  was de l ivered   to   the  NYU Aerospace and 

Energetics  Laboratory  for  the  present  transonic wind tunnel  experiment. 

Ca l ib ra t ion   l eve l s   a r e  loo%, 7 5 X ,  50'77, and 25% o f   f u l l   s c a l e  on each of 

three  ranges,  10 p / c m  , lgm/cm , and 0 . 1  gm/cm . The  moment arm a t  Point of  2 2 2 

appl ied   ca l ibra t ion   load  is  0.815 cm.  The  moment arm a t   s u r f a c e  i s  

0.794 cm.  The a rea  of the.sensing  element i s  0 .694  cm . Results of 2 

t h e   c a l i b r a t i o n   a r e  shown i n   F i g s .  12-14. The l i n e a r i t y   d e v i a t i o n  is 

only 5 0.5% of cal ibrated  range.  The r e p e a t a b i l i t y  i s  within 5 0.1% 

fu l l   s ca l e   fo r   each   l oca l   r ange .  

For the  present   experiment ,   cal ibrat ions  within  the  range of 

1 .0  gm/cm' is  su f f i c i en t   t o   cove r   t he   r ange  of su r face   sk in   f r i c t ion .  

The amplif ier   output  of 50% s e l f  test load is  adjusted  over 25.4 cm (10 in . )  

15 



span on a Honeywell mult ichannel   vis icorder .  T h i s  gives a l i n e a r   s c a l e  

of 0.0504 g m / c m  / in .   in   ou tput .  2 

2 .  Hot F i lm  Skin   Fr ic t ion  Gauge 

Recent   research  in   turbulence has shown t h a t  a f l u s h  mounted hot  

f i lm  sensor  is  a powerful  device  in  measuring  both  the mean and f luc tua t ing  

components  of the  w a l l  shear ing stress. However, a c c u r a t e   c a l i b r a t i o n  i s  

requi red   for   the  measurement  of mean shear ing stress. Previous  s tudies ,  

Ref. 6 ,  have  performed the   ca l ibra t ion   of  a f l u s h  mounted hot   f i lm  sensor  

using a 40 foot  4 inch  diameter   s ta inless  steel  pipe.  The r e l a t i o n  between 

the  w a l l  shear ing stress and the  pressure  drop  of a f u l l y  developed  pipe 

flow was used.  Experimental  correlation  between wall s h e a r i n g   s t r e s s  and 

the  anemometer D.C .  vo l t age   ou tpu t ,   s imi l a r   t o   t he   r e su l t s   o f   Re f .  7 ,  

was 'obtained  for  small  mean f low  ve loc i ty   l ess   than  3 m/sec. 

For the   p resent   research   e f for t ,  a more e labora te   ca l ibra t ion   sys tem 

was used. The present   t es t ing   appara tus  is  an   exce l l en t  set up t o   f u r t h e r  

inves t iga te   the   use   o f  a f l u s h  mounted hot   f i lm  probe   for   sur face   sk in  

f r i c t i o n  measurements. The f loa t ing-e lement   sk in   f r ic t ion   ba lance  was used as 

s tandard  for   the  cal ibrat ion  of   the  hot   f i lm  gauge.  A f lu sh  mounted f l a t  

surface  hot   f i lm  sensor  (Thermal-System Model 1237) was c a l i b r a t e d   i n   t h e  

present  experiment.  Results are descr ibed  in   the  fol lowing  discussion.  

a .   Ca l ibra t ion  

The hot   f i lm gauge was f lu sh  mounted i n   t h e   c e n t e r  of   an   annual   s tee l  

p iece   s imi la r   to   the   f loa t ing   ba lance .   F ig .  15, i n   o r d e r   t o  match the  

curvature  of the   in te r ior   wal l   o f   the  wind tunnel .  The su r face  s t r i p  of 

the  f i lm  sensor  i s  0.012 cm wide  by 0 .1  cm long  and was perpendicular   to  
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t h e  mean f low  d i rec t ion .  The gauge w a s  connected t o   t h e  Thermal-System 

1050  anemometer. The wind tunnel   setups are similar t o   t h a t  of t h e   s l o t  

inject ion  experiments .  

The gauge  and the   f loa t ing-e lement   sk in   f r ic t ion   ba lance  were placed  close 

t o  each  other a t  t h e   l o c a t i o n  of x /S  100 (S = 0.318 cm) . The tunnel was 

operated a t  var ious  constant   s tagnat ion  pressures  so  t h a t   d i f f e r e n t   s u r f a c e  

shearing stress corresponding t o   d i f f e r e n t   f r e e  stream v e l o c i t y  ( and  Reynolds 

number) could  be  obtained.   Cal ibrat ion  resul ts  are given  in   Fig.   16.  

b.   Discussion and Application 

From t h e   c a l i b r a t i o n   d a t a ,   c o r r e l a t i o n  between t h e  wall shearing stress 

and the  D.C. anemometer vol tage  outputs  are shown in  Fig.   17.   Linear  

c o r r e l a t i o n  similar t o   t h a t   o f  low speed  flow,  Ref. 6 ,  could  not  be  found 

from the   p re sen t   r e su l t s .  However, the  present  data  could  be  approximated 

thermal  layer is  much thinner   than  the  viscous  sublayer .  To a s s u r e   t h i s  

s i t u a t i o n ,  a q u a n t i t a t i v e   c r i t e r i o n   r e q u i r e d   s p e c i f i c a l l y  

in   o rde r   t o   s a t i s fy   t he   l i nea r   co r re l a t ion   g iven   i n   Re f .  7 . For t h e  

p re sen t   ca l ib ra t ion ,   t he  Reynolds number , (U,~&/V) , is approximately 

300 (Pr). 

The use   o f   t he   ho t   f i lm  gauge  has several advantages  over   the  f loat ing 

s k i n   f r i c t i o n  gauge. The response i s  much fas te r   (order  of mill isecond) , 

and i n   a d d i t i o n  it provides   data  on f luc tua t ing   shea r  stress as w i l l  be  

shown i n   t he   nex t   s ec t ion .  



Theories  of the buildup and  decay  of  sublayer  can  be  found i n  

Refs. 8 and 9, The unsteady  Navier-Stokes  equation  for  flow  of a t h i n  

layer  along a f l a t  p l a t e  was used t o   d e s c r i b e   t h e   t h e o r e t i c a l  model  of 

the  sublayer  development. The ve loc i ty   g rad ien t   in   the   sublayer   has   been  

given as : 

a t   t h e   s u r f a c e ,  y = 0 

7 

and t h e   s i z e  of  the  sublayer  thickness  at   anytime, t ,  i s  given  by 

In   the   ca l ibra t ion   of   the   p resent   f lush  mounted hot  film  gauge,  the 

RMS voltage  output  has  also  been  measured. It i s  intended  to   f ind  an 

experimental   correlation  between  the  surface  velocity  gradient and the  

RMS output from the  present  measurements. The following  assumptions were 

made: a )   t he   t heo re t i ca l  model i n  Ref. 8 ,  is  va l id   for   the   p resent   s tudy ,  

b)  the  sublayer  thickness  can  be  estimated by  (y u,/V) = 10, and c)   the 

flow  velocity u a t   t h e  edge  of  the  sublayer i s  given  by  u0/ua = 5.5 f 2 . 5 ~  

.tn (ySu,/v> = 11.25. 

S 
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The f r i c t i o n   v e l o c i t y ,  u* = /g, was computed from the  measured 

shearing  force and values  of y  and  u were obtained  with  the  assumptions 

b )  and c) .   Subs t i tu t ing   these   va lues   in to   equat ions   (1)  and (2), t he  

ve loc i ty   g rad ien t  a t  the   sur face  was found. These r e s u l t s  are shown i n  

Fig.  I8 and a l i n e a r   c o r r e l a t i o n  between  the  velocity  gradient and RMS 

output,  (du/dy)y=O = 1.1 x 10 , has  been  obtained. 

S 0 

The ho t   f i lm  gauge was a l s o  used t o  measure t h e   s u r f a c e   s k i n   f r i c t i o n  

due t o   s l o t   i n j e c t i o n .  Tests with 1, = 0.218 were repea ted   to   ver i fy   the  

accuracy  of  probe  calibration.  Results  of  skin  friction  factors  are 

compared with  f loat ing  skin  f r ic t ion  balance  outputs   in   Fig.  19. S imi la r ly ,  

the   sur face   ve loc i ty   g rad ien ts  a t  d i f f e r e n t  x / S  obtained from the  theory 

and the  present   experimental   l inear   correlat ion are given  in  Fig.  1-10. 

It is concluded  that   the  f lush mounted hot   f i lm gauge  can be  used 

t o  measure   the   sk in   f r ic t ion  and the   sur face   ve loc i ty   g rad ien t  

with a r epea tab i l i t y   w i th in  10%.  However, the   p resent   ca l ibra t ion  of 

the  hot  film  probe  has  been l i m i t e d  t o  a f r ee  stream v e l o c i t y  between 200 

and 300 meter  per  second and  depended heavi ly  on the   ca l ibra t ion   wi th   the  

floating-ele_ment  balance. The coe f f i c i en t   i n   t he   l i nea r   co r re l a t ion  of 

the  velocity  gradient  depends on the  assumption  of  the  velocity a t   t h e  

edge of the  sublayer .  More experimental  data  over a l a r g e   v a r i a t i o n   i n  

f r e e  stream condi t ions  are   required  for   fur ther   s tudies .  
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APPENDIX 11: HOT FILM PROBE 

Hot wire probes, h o t  f i l m  p r o b e y a n d  anemometers  have  been  used i n  

de ta i l ed   ana lys i s   o f   f l u id   f l ow.  'Ihe most common h o t  wires are made of 

tungsten,  platinum,  and  platinum-iridium  alloy. A hot   f i lm  probe  uses  a 

conducting film on a ceramic  substance  or a quartz  rod  with a platinum 

f i l m  on the   su r f ace .  Gold p l a t i n g  on the  ends  of   the  rod  isolates   the 

s e n s i t i v e  area and  provides a heavy metal con tac t   fo r   f a s t en ing   t he  

sensor   to   the   suppor t ,  The hot   f i lm  probe  sensor  i s  s h o r t e r   t h a t   t h e   h o t  

wire sensor and with a larger   diameter  and is p a r t i c u l a r l y   h e l p f u l   i n  

reducing  the  breakage  of  the  sensor  due  to  impact  of  the  f low. 

For the  present  experiment,   special   hot  f i lm  probes and a Thermal- 

System  1050 constant  temperature anemometer were used t o  measure  the mean 

v e l o c i t y  and  turbulence  intensi ty .   This   hot   f i lm  probe,   Fig.  11-1, had 

a cylindrical   alumina  coated  f i lm  sensor  1.78 cm i n   f r o n t   o f   t h e   s t a i n l e s s  

steel  body. The Sensor had a diameter  of  0.005 cm and was 0.025 cm long. 

The d i s t ance  between  supports was 0.076 cm. The probe   res i s tance  a t  room 

temperature was 5.57 ohms and was operated  with  1.5  over-heat  ratio.  

a.  Cal ibrat ion 

The u s u a l   r e l a t i o n s h i p  between t h e   e l e c t r i c a l  power t o   t h e   s e n s o r  

and the   ve loc i ty   pas t   t he   s enso r  i s  given  by: 

E2 e [A + B ( ~ u ) ' ' ~ ]  (T - Te) 
S 

The o r i g i n a l  work done  by  King,   Ref- lO,   indicated  that  n = 2 ,  

g iv ing   t he   t yp ica l  power r e l a t i o n s h i p  between v e l o c i t y  and the  vol tage 

on the  anemometers bridge.  Constants A and B are funct ion  of   densi ty .  
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For a s i n g l e  w i r e  normal t o  a f low,   the  re la t ion  between  the  local   turbulence 

i n t e n s i t y  and the  anemometer bridge  output  can  be  writ ten  as:  

In   o rde r   t o   co r rec t   t he   e f f ec t   o f   t he   dens i ty ,   t he   ca l ib ra t ion   o f   t he  

present   hot   f i lm  probe was performed with DISA type  55&1/42  calibra- 

t i o n  wind tunnel   for  a range  of  velocity  between 0 and  100 m/sec.  For 

flow  velocity  over 100 m/sec ( M M  0 . 3 ) ,  the  hot  f i lm  probe was ca l ib ra t ed  

by a  wind tunne l   e spec ia l ly   bu i l t   t o   ope ra t e   i n  a range  of M = 0.3 t o  0.8. 

The c h a r a c t e r i s t i c  of the  DISA c a l i b r a t i o n  wind tunne l   fo r   t he   ve loc i ty  

and  dynamic pressure,  Ap, is  shown in   F ig .  11-2. Together  with  the 

anemometer br idge  vol tage  output ,   the   nonl inear   cal ibrat ion  between  the 

f low  veloci ty  and D . C .  vol tage  output  of the  probe was found,  Fig. 11-4. 

Resul t  of t h e   l i n e a r   c a l i b r a t i o n  i s  a l s o  shown i n   t h i s   f i g u r e .  

For   turbulence  intensi ty ,  Eq. (4)  has  been  used t o  ca l cu la t e   t he  

intensi ty   based on the  anemometer outputs of D . C .  vo l tage  and the RMS 

values  of each test .  In  order t o  have  accurate  nonlinear anemometer 

ou tpu t s   t o   de t e rmine   t he   t u rbu lence   i n t ens i ty ,   t he   s t ab i l i t y   e f f ec t   has  

been  optimized by a bu i l t - i n   squa re  wave. 
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Fig. 1-5 The f l u s h  mounted h o t  f i l m  probe 
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F i g .  11-1 The boundary layer h o t  film veloci ty  probe 
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F i g .  11-2 The c h a r a c t e r i s t i c  of the  DISA c a l i b r a t i o n  wind tunnel 
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11-3 Cal ibra t ions   o f   the  hot  fi lm  boundary  layer  velocity  probe 
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